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ABSTRACT The inﬂuence of cholesterol sulfate (CS) and calcium on the phase behavior of lipid mixtures mimicking the
stratum corneum (SC) lipids was examined using vibrational spectroscopy. Raman microspectrocopy showed that equimolar
mixtures of ceramide, palmitic acid, and cholesterol underwent a phase transition in which, at low temperatures, lipids formed
mainly a mosaic of microcrystalline phase-separated domains, and above 45C, a more ﬂuid and disordered phase in which the
three lipid species were more miscible. In the presence of Ca21, there was the formation of fatty acid-Ca21 complexes that led
to domains stable on heating. Consequently, these lipid mixtures remained heterogeneous, and the fatty acid molecules were
not extensively involved in the formation of the ﬂuid lipid phase, which included mainly ceramide and cholesterol. However, the
presence of CS displaced the association site of Ca21 ions and inhibited the formation of domains formed by the fatty acid
molecules complexed with Ca21 ions. This work reveals that CS and Ca21 modulate the lipid mixing properties and the lipid
order in SC lipid models. The balance in the equilibria involving Ca21, CS, and fatty acids is proposed to have an impact on the
organization and the function of the epidermis.
INTRODUCTION
The stratum corneum (SC), the top layer of the epidermis, is
formed by corneocytes, which are essentially blocks of in-
soluble keratin resulting from the skin cell migration toward
the skin surface. These blocks are held together by lipid
layers. To provide a tight skin barrier, the lipid structure join-
ing the corneocytes must be highly cohesive. However, the
skin is continuously renewed, and at the surface, there is the
loss of cohesion and shedding of individual corneocytes
(1,2), a phenomenon called desquamation. Because the lipid
phase is believed to ensure cell cohesion, desquamation is
likely related to some changes in the structural properties of
these lipids (3–5). Chemical changes occur during the skin
migration toward the surface. For example, cholesterol sul-
fate (CS) present in the epidermis is enzymatically degraded
in cholesterol by steroid sulfatase before its arrival at the SC
level (3,6,7). Similarly a Ca21 gradient exists through the
epidermis, and it has been associated with cellular terminal
differentiation, barrier function, and desquamation (8–12).
In the work presented here, the impact of CS and Ca21 on
the behavior of model lipid mixtures mimicking the SC
lipids was examined using vibrational spectroscopy. Equi-
molar mixtures of ceramide, cholesterol, and fatty acid have
been widely used as SC model mixtures because these three
lipids are the main lipidic species found in the SC(6,13,14).
Nonhydroxylated ceramides are the most abundant class of
ceramides found in SC (14) and, consequently, are often used
in these model mixtures. Ceramide III (CerIII), enzymati-
cally prepared from sphingomyelin extracted from bovine
brain, is equivalent to skin nonhydroxylated ceramide, even
though the chain composition may be slightly different (15).
Fatty acids in the SC are typically saturated and bear long
chains, between C16, and C28, with C22 and C24 being the
most abundant (13,16–18). Palmitic acid (PA) has often been
selected as a generic fatty acid and was used in the study
presented here because the phase behavior of SC lipid model
mixtures containing PA is, at this point, best characterized by
several techniques. Moreover, the use of palmitic acid with a
perdeuterated acyl chain (PA-d31) makes it possible to dis-
tinguish spectroscopically the behavior of the fatty acid acyl
chain from that of CerIII. Model mixtures based on mixtures
of CerIII, PA-d31, and cholesterol were selected in this study.
These mixtures showed a dominant lamellar periodicity of
5.38 nm at room temperature (19). Typically x-ray diffrac-
tion on SC has shown the existence of two lamellar spacings
at;6 and;13 nm (20–22). The lack of the long-periodicity
phase in the model mixtures used in this study is probably
associated with the use of a single ceramide. It has been
shown recently that more complex mixtures that include at
least three ceramide types could reproduce both lamellar
spacings (23–25). Despite this difference, the simple model
mixtures have been shown to reproduce several features of
the SC lipids. At low temperature, they exhibit a high pro-
portion of crystalline lipids and an orthorhombic chain pack-
ing analogous to those observed in SC lipids (22,26–28). On
heating, the acyl chains of CerIII and PA undergo transitions
toward disordered phases between 45 and 65C (27–29), a
feature also consistent with the DSC thermograms of the SC
lipids (30–32).
The behaviors of CerIII/PA-d31/cholesterol and CerIII/
PA-d31/CS mixtures were compared in the presence and the
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absence of Ca21 to highlight the impact of electrostatic
modiﬁcation on the phase behavior of these systems. CS is a
minor component of the SC. It represents ;2% (w/w) of
the SC lipids, and the CS/free sterol ratio is ;0.14 (3,5,18).
Despite its low concentration, CS was proposed to play
essential functions in several skin processes including dif-
ferentiation, cholesterol metabolism, and desquamation
(5,7,33,34). More speciﬁcally, it has been proposed that CS
plays a critical role in desquamation on the basis of the
perturbation in the SC lipid composition of people suffering
with the X-linked recessive ichthyosis (7,35,36). The des-
quamation process of these people is severely inhibited, and
large scales, formed by the accumulation of SC, are present
on their body. The genetic defect associated with the disease
leads to a deﬁcit in steroid sulfatase, which, as mentioned
above, is responsible for the transformation of CS in cho-
lesterol. Consequently, this ichthyosis is accompanied by the
accumulation of CS in the SC and a decrease of the choles-
terol content. CS, in the case, constitutes;12% (w/w) of the
SC lipids, and the CS/free sterol ratio increases by a factor
10, reaching ;1 (7). These observations suggest that the
presence of CS in the SC, or a high CS/cholesterol ratio,
may drastically inhibit the desquamation by stabilizing the
lamellar phases in the deep layers of the SC. The comparison
between the behavior of CerIII/PA-d31/chol and CerIII/PA-
d31/CS mixtures should lead to insights into the impact of
this molecular sterol modiﬁcation in the SC lipid structural
properties.
The behavior of CerIII/sterol/PA mixtures was investi-
gated in the presence of Ca21 because of the key role of this
cation in modulating the SC structure. The presence of Ca21
was found to be essential for the skin barrier and differen-
tiation (9,11,37–39). The concentration of Ca21 displays a
gradient with a complex shape across the epidermis, increas-
ing from the basal layer to reach a maximum at the stratum
granulosum layer and decreasing abruptly in the SC (8–11).
It has been proposed that Ca21 plays a fundamental role in
the stability of SC lipids. For example, Ca21 could bridge
adjacent lipid layers via its interaction with the negatively
charged sulfate group of CS (40), a proposed contribution
to the enhanced cohesion of SC lipids in the case of the
X-linked recessive ichthyosis. The characterization of the
impact of Ca21 on skin lipid structure is limited. Up to now,
it has been suggested, on the basis of small-angle x-ray dif-
fraction, that Ca21 counterbalances the ability of CS to sol-
ubilize cholesterol in the SC lipid matrix (34).
Infrared (IR) and Raman spectroscopies have been used to
characterize the behavior of the mixtures. IR spectroscopy is
a well-established technique providing information relative
to the acyl chains as well as the polar head group (27,28,41–
44). Complementary information has been obtained from
Raman spectroscopy. It has been shown that Raman micro-
spectroscopy was particularly useful for the study of the SC
model mixtures as crystalline domains in the order of tens of
micrometers were observed, and chemical imaging revealed
the heterogeneous distribution of the lipids on the micro-
scopic scale (45).
MATERIALS AND METHODS
CerIII (99%), cholesterol (99%), CS, 2-[N-morpholino]ethanesulfonic acid
(MES), and D2O (99%) were purchased from Sigma Chemical (St. Louis,
MO). PA-d31 was obtained from CDN Isotopes (Pointe-Claire, Quebec,
Canada). NaCl was provided by Anachemia (Montreal, Quebec, Canada).
To produce homogeneous mixtures, the lipids were individually solubi-
lized in a benzene/MeOH solution (95:5, v/v) except for CS, which was
solubilized in a 25:75 mixture. Appropriate amounts of the lipid solutions
were mixed to obtain the desired molar ratio. The lipid organic solutions
were then freeze-dried for at least 16 h. The resulting lipid powder was
hydrated with a MES buffer (100 mMMES, 100 mMNaCl), pD 5.2, a value
representative of the SC pH (46,47). The buffer was prepared in D2O, to
avoid water contribution in the amide I’ region. For the Ca21-free samples,
5 mM EDTA was present in the buffer. For the Ca21-containing sample,
CaCl2 (100 mM) was present in the buffer. For the mixtures including
cholesterol, the buffer was added in large excess (a lipid/buffer ratio of 1%
(w/v)) to provide an easy control of the pH. These mixtures led to waxy
particles with no detectable lipids in the supernatant. For the mixtures in-
cluding CS, the ﬁnal lipid concentration in the buffer was 20% (w/v), as
these mixtures led to homogeneous suspensions. Three freeze-and-thaw cycles,
from liquid nitrogen to 80C, were imposed on the samples. Subsequently,
the samples were centrifuged 30 min at 3500 3 g. Annealing periods
between 2 and 4 h, at 30C, were performed on all samples to favor the ther-
modynamically stable phase. It was shown that the behavior of ceramide-
containing samples is sensitive to their thermal history (27,48,49). Because
these systems can form solid phases at low temperature, it is necessary to
provide the appropriate conditions leading to the solidiﬁcation of the lipids
to obtain reproducible results.
IR spectra were obtained according to an established procedure (27,41).
Brieﬂy, the spectra were obtained by transmission, from an aliquot put in a
cell with CaF2 windows, a path length of 5 mm, and whose temperature was
controlled with Peltier elements. They were recorded on an FTS-25 BioRad
spectrometer equipped with a water-cooled globar source, a KBr beam
splitter, and a mercury-cadmium-telluride detector. Each spectrum was
the result of 100 scans, with a nominal resolution of 2 cm1, Fourier-
transformed with a triangular apodization. The spectra were recorded as a
function of increasing temperature. To determine the position of the bands
associated with the symmetric stretching of the methylene groups, the
spectral contribution of D2O was ﬁrst eliminated from the C-H stretching
modes and the C-D stretching modes by simulating the edge of the O-D
stretching band with a polynomial of order 3, independently for these two
regions. The reported positions correspond to the gravity centers of the top
5% of the bands.
The Raman spectra were acquired on a Renishaw Raman Imaging Wire
3000 system (Gloucestershire, UK), equipped with a Leica LM microscopy
(Deerﬁeld, IL), a long focal distance350 lens, and a charge-coupled device
camera (6003 400). Only four pixel rows (6003 4) were used for recording
the spectra; this approach provided a virtual pinhole and allowed us to work
in confocal conditions, leading to a spatial resolution of ;5 mm along the
z-axis (perpendicular to the platform). The Ar1 laser, with 15 mW at the
sample, had a beam diameter of;2 mm, as estimated from its reﬂection on a
silicon surface. A computer-controlled platform (ProScan, Prior Scientiﬁc
Instruments, Fulbourn, UK) was used for the chemical mapping. An aliquot
of the lipid mixture was deposited on a quartz window that served as the top
cover of the sample holder. The cell was ﬁlled with water to maintain full
hydration, then sealed. The temperature control was ensured by heating
elements inserted in the aluminum base of the cell. Typically a 403 40 mm2
surface was swept, with 3-mm steps, recording Raman spectra between 1900
and 3200 cm1. These conditions led to 143 14 or 196 spectra per map. The
total time for recording a map was;3 h. The same region was scanned as a
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function of increasing temperature, from 25 to 75C. An equilibration delay
of 10 min was used between successive temperatures.
The maps were generated using GRAMS/32 (Galactic Industries Corpo-
ration, Salem, NH), and WIRE (Renishaw, Gloucestershire, UK) software.
The intensities were measured from the baseline to the Raman scattering
intensity at the given wave number. The width at half-height of the C-D
symmetric stretching band (DnCD) was measured on the ﬁtted band at
;2100 cm1 resulting from a band ﬁtting of the region between 2070 and
2160 cm1, using three components.
RESULTS
Fig. 1 shows the thermotropism of the SC model mixtures as
probed by the C-H symmetric stretching mode of the meth-
ylene (nCH) and the C-D symmetric stretching mode of the
CD2 groups (nCD) from the IR spectra. The position of these
bands is known to be sensitive to the conformation order of
the acyl chains (27,28,50,51). The nCH position was used to
report the chain order of CerIII, as the contribution of cho-
lesterol in this region does not signiﬁcantly affect the band
position and, in addition, remains practically constant during
the temperature variation (27,52). The nCD position describes
the chain order of PA-d31. The thermotropism of the CerIII/
PA-d31/chol mixture, obtained from these two spectral pa-
rameters, is well established (27,28) and was reproduced in
this study for the sake of comparison. At low temperature,
the positions of nCH, and nCD were 2848, and 2089 cm
1,
respectively, and these values are typical of highly ordered
chains (27,28,44). On heating, both bands experienced a
shift toward high frequency between 40 and 65C. This shift
indicated a disordering of the acyl chains of both CerIII and
PA-d31. A point of inﬂection was observed on both curves at
;50C. At this point, the nCH, and the nCD positions were
2851, and 2092 cm1, respectively, in agreement with pre-
vious results (27). These values are typical of those obtained
for a liquid ordered phase (27,53,54). The thermal behavior
of this system has been associated with a transition from a
solid to a liquid ordered phase followed by the formation
of a disordered and isotropic phase on further heating
(27–29,41,49,55). The thermotropism of this mixture was
drastically modiﬁed by the presence of Ca21 (Fig. 1 B).
Below 40C, the positions of nCH, and nCD bands were 2849
and 2090 cm1, typical of highly ordered chains. On heat-
ing, the nCH band was shifted between 40 and 50C to
;2851 cm1. This value suggested that some acyl chain
conformational disorder has been thermally induced, but the
chains remained, on average, more ordered than a typical
ﬂuid disordered phase, for which the nCH band is around
2854 cm1 (27,28,50). At 60C, the band was shifted again
to reach ;2853 cm1 at 75C. The shift did not level off
suggesting that the transition would be completed at a tem-
perature higher than that accessible with our experimental
setup. In contrast, the nCD position was practically constant
over the whole temperature variation, indicating that the PA-
d31 acyl chain remained highly ordered in the presence of
Ca21 despite heating up to 75C.
The thermotropism of the CerIII/PA-d31/CS mixture is
also displayed in Fig. 1. Overall, the behavior of this mixture,
in the presence and the absence of Ca21, was reminiscent of
that of the CerIII/PA-d31/chol mixture free of Ca
21. Below
40C, the position of nCH and nCD bands were typical of
solid phases (2849 and 2089 cm1, respectively). Between
40 and 65C, the bands experienced a shift toward 2853 and
2096 cm1, respectively. Therefore, it is concluded that the
acyl chains of both CerIII and PA-d31 underwent a transition
from a solid to a ﬂuid disordered phase, irrespective of the
presence of Ca21. These band shifts were not monotonous,
and the details appeared to be slightly different with and
without Ca21. For example, the order-disorder transition
appeared more abrupt and at a slightly higher temperature in
the presence of CS than in the mixtures with cholesterol.
The description of the interfacial groups by IR spectros-
copy revealed a key change in the association of Ca21 with
the SC model mixtures (Fig. 2). The C¼O stretching of the
carboxylic group (nCOOH) was located between 1670 and
1700 cm1, whereas the C–O symmetric stretching of the
carboxylate (nCOO) bands appeared between 1500 and 1580
cm1. In the case of the CerIII/PA-d31/chol mixture free of
Ca21, only the nCOOH bands were observed indicating that, in
these conditions, the fatty acid was completely protonated.
This ﬁnding is in agreement with the previous determination
of the pKa of fatty acids reconstituted in lipidmatrices, estimated
FIGURE 1 Thermotropism of CerIII/PA-d31/sterol (1:1:1) mixtures, as
probed by the methylene stretching mode by IR spectroscopy. (A) CerIII/
PA-d31/chol (1:1:1) mixtures free of Ca
21. (B) CerIII/PA-d31/chol (1:1:1)
mixtures with 100 mM Ca21. (C) CerIII/PA-d31/CS (1:1:1) mixtures free of
Ca21. (D) CerIII/PA-d31/CS (1:1:1) mixtures with 100 mM Ca
21. The two
y-scales were adjusted such that a gel-to-liquid crystalline phase transition of
phospholipid bilayers is represented by a variation with the same amplitude
for the two parameters. (n) nCH and (s) nCD.
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to be between 6.3 and 8.7 (56–58). The shape of the nCOOH
bands and their thermal evolution reproduced previous results
(27). At low temperature, the band included a main compo-
nent at 1694 cm1 with a shoulder at 1683 cm1. The band
shape and position were analogous to those obtained from
solid fatty acids and even more similar to fatty acid/cho-
lesterol mixtures forming phase-separated crystalline domains
(59). On heating, the nCOOH band was shifted toward higher
frequency and lost its shoulder at 1683 cm1. These changes
are indicative of the melting of solid PA-d31 (27,41,59). The
amide I’ band showed three components at 1628, 1615, and
1598 cm1, and these were associated with different H
bond patterns at the interface (27,41). The 1598 cm1 com-
ponent disappeared between 45 and 55C, and the two other
components, at 1628 and 1615 cm1, merged, leading to a
broad band between 60 and 70C. These variations correlated
well with those observed in the nCH region. They were
associated with the solid-liquid ordered phase transition and
the subsequent liquid ordered-disordered phase transition,
as discussed in detail previously (27,29,41,49,55). In the
presence of Ca21, the most striking features are the three
additional components, at 1568, 1543, and 1531 cm1, ob-
served in the nCOO- region of the IR spectra. This proﬁle was
more complex than that obtained for unprotonated PA in
phospholipid matrices (57,60) and in PA/chol bilayers (61).
Two of the three components, those at 1568 and 1531 cm1,
have been observed for calcium stearate and were assigned
to the carboxylate asymmetric stretch of carboxylate groups
coordinated with Ca21 in different modes (62–65). A contri-
bution of the nCOOH band, at 1685 cm
1 was also observed,
indicating the coexistenceof theprotonatedPAand thePA-Ca21
complex, in these conditions. The ratio of the nCOO- band area
over the sum of those of the nCOO- and nCOOH bands was
;0.6. The variations of the amide I’ and nCOOH band shape as
a function of heating were similar to that observed for the
mixture in the absence of Ca21. The nCOO- bands remained a
main component of this region over the whole temperature
range, with small changes in the position and relative intensity
of its components.
The region of the IR spectra associated with the interfacial
groups for the CerIII/PA-d31/SC mixture is also displayed in
Fig. 2, C and D. For the CS-containing mixtures with and
without Ca21, the thermal evolution behavior of these bands
was found to be analogous to that of the CerIII/PA-d31/chol
mixture in the absence of Ca21, the main differences being
the changes occurring at slightly different temperatures.
These mixtures were characterized by Raman microspec-
troscopy because this technique allowed us to get informa-
tion relative to the spatial lipid distribution, with a resolution
sufﬁcient to observe phase-separated domains in the SC
mixtures (45). The main investigated regions were the C-H
stretching (2800–3000 cm1) and the C-D stretching
(1900–2250 cm1) regions (Fig. 3). As described below,
their relative intensities are representative of the lipid com-
position of the mixture in the sampled volume. In addition,
these regions, similarly to those recorded in IR spectroscopy,
carry some information about the conformation chain order
(66–68). In the C-D stretching region, the main band located
at ;2100 cm1 is assigned to the C-D symmetric stretching
of the PA-d31 acyl chain. Its width is associated with the
conformational order of the acyl chain. It was observed that
FIGURE 2 Thermal evolution of the amide I’, nCOOH, and nCOO- bands
for SC model mixtures. (A) CerIII/PA-d31/chol (1:1:1) mixtures free of
Ca21. (B) CerIII/PA-d31/chol (1:1:1) mixtures with 100 mM Ca
21. (C)
CerIII/PA-d31/CS (1:1:1) mixtures free of Ca
21. (D) CerIII/PA-d31/CS
(1:1:1) mixtures with 100 mM Ca21. Temperatures are indicated on the left.
FIGURE 3 Raman spectra of CerIII/PA-d31/chol (1:1:1) mixtures free of
Ca21, at 25 and 75C.
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the heating of the CerIII/PA-d31/chol mixture led to a sig-
niﬁcant broadening of this band for which the width at half-
height (DnCD) increased from 14 to 30 cm
1 between 25 and
75C (Figs. 3 and 4). Similarly, the C-H stretching region of
the Raman spectra underwent characteristic changes during
the disordering of the hydrogenated acyl chains. The bands
at 2850 and 2880 cm1 were assigned, respectively, to the
symmetric and antisymmetric C-H stretching of methylene
groups. It has been shown that their intensity ratio (I2880/
I2850) is mainly sensitive to vibrational coupling between
ordered hydrogenated acyl chains and therefore constitutes
a probe of the conformational order of the acyl chains
(66,67,69). As seen in Fig. 3, the I2880/I2850 of CerIII/PA-d31/
chol mixtures decreased drastically when the temperature
increased from 25 to 75C. It should be noted that cholesterol
contributed in the region. Its most intense contribution was at
2935 cm1: this feature could be observed in the spectra of
CerIII/PA-d31/chol mixtures. As discussed below, the con-
tribution of cholesterol appeared to be rather independent of
the temperature.
The overall behavior of the SC mixtures was characterized
by the mean Raman spectra obtained from the addition of
the 196 spectra associated to a map, recorded at a given
temperature, over an area of 403 40 mm2 of the sample. The
reproducibility of these average spectra for different maps
conﬁrmed that the sampled areas were sufﬁciently large to be
representative of the samples. The evolution of the chain
order, as described by the I2880/I2850 ratio for CerIII and the
DnCD for PA-d31 (Fig. 4), was consistent with the results
obtained from IR spectroscopy. The I2880/I2850 ratios mea-
sured for the CerIII/PA-d31/chol mixture free of Ca
21 de-
creased on heating from 1.5 at 25C, to 0.9 at 75C. When
these values were corrected for the contribution of choles-
terol, using its contribution at 2935 cm1 to estimate the
subtraction factors, the value at 25C became 1.4, whereas
the value at 75C remained at 0.9. The low-temperature
values were typical of highly ordered chain, whereas the
high-temperature values were typical of disordered chains
(67,70). The DnCD values increased on heating from 13 to
30 cm1, a change representative of a transition from highly
ordered to disordered alkyl chains (68,71). The variations
were observed between 40 and 65C for both parameters and
consequently indicated that both CerIII and PA-d31 acyl
chains disordered in a concomitant manner on heating. The
presence of Ca21 modiﬁed the behavior of the CerIII/PA-
d31/chol mixtures, in agreement with the IR results. The
progression of the I2880/I2850 ratios was not considerably
affected by Ca21, but the presence of the cation led to a much
more limited variation of the DnCD values (;5 cm
1). These
results conﬁrm that PA-d31 remained mostly ordered up to
75C when Ca21 was present, whereas CerIII underwent
melting. The thermotropism of the CerIII/PA-d31/CS mixture
with and without Ca21, as reported from the I2880/I2850 ratios
and DnCD, was similar to that obtained for the CerIII/PA-d31/
chol mixture in the absence of Ca21. Both parameters
reﬂected a disordering of the alkyl chains of CerIII and
PA-d31 on heating from 35 to 65C.
The Raman chemical mapping provided the spatial dis-
tribution of the different lipid species in the sample. The ratio
of the area of the C-D stretching region (AnCD) over the sum
of (AnCD1 AnCH), where AnCH is the area of the C-H stretch-
ing region, was used to describe the proportion of PA-d31
relative to the three lipid components in the sampling ele-
ments (Figs. 5–8). The integrating limits were from 2015 to
2250 cm1 and from 2780 to 3100 cm1 for the AnCD and
AnCH, respectively. The band at 2935 cm
1 is a main feature
in the spectra of cholesterol, whereas the band at 2850 cm1
in the Raman spectra of pure CerIII showed very limited
changes on heating. Therefore, the intensity ratio of these
features (I2850/(I2850 1 I2935)) was used to represent the
proportion of CerIII relative to CerIII and cholesterol or, in
other words, to describe the lipid composition excluding PA-
d31. This ratio, derived from the spectra at 25C, was found
to be 0.67 and 0.46 for pure CerIII and pure cholesterol,
respectively. The ratio varied from 0.67 to 0.61 when pure
CerIII was heated from 25 to 75C. Consequently, the varia-
tions of this ratio mainly (but not exclusively) reported
changes in the relative CerIII and cholesterol proportions.
FIGURE 4 Thermotropism of CerIII/PA-d31/sterol (1:1:1) mixtures, as
probed by the I2880/I2850 intensity ratios (n) and the DnCD (s) obtained from
Raman spectroscopy. (A) CerIII/PA-d31/chol (1:1:1) mixtures free of Ca
21.
(B) CerIII/PA-d31/chol (1:1:1) mixtures with 100 mM Ca
21. (C) CerIII/PA-
d31/CS (1:1:1) mixtures free of Ca
21. (D) CerIII/PA-d31/CS (1:1:1) mixtures
with 100 mM Ca21. The two y-scales were adjusted such that a gel-to-liquid
crystalline phase transition of phospholipid bilayers is represented by a
variation with the same amplitude for the two parameters. Note that the I2880/
I2850 scale is upside down to allow the direct comparison with the DnCD
variations.
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The absolute values of I2850, I2935, AnCD, and AnCH and, as a
consequence, the absolute values of the derived parameters
described above were dependent on the temperature mainly
because of its inﬂuence on the lipid structure. This depen-
dence was nonlinear. Because the samples were heteroge-
neous from a composition and chain order point of view, it
was not possible to simulate all the spectra from those
obtained with the pure lipid species, preventing a detailed
quantitative analysis. Therefore, the spectral ratios deﬁned
above were normalized relative to the value that was mea-
sured on the mean spectra, averaged over the whole map,
((xi  xmean)/xmean). Consequently, values above 0 represent
sampling elements enriched in a species, whereas negative
values are representative of depleted sampling elements,
relative to the average proportion. This approach provides a
straightforward illustration of the evolution of the heteroge-
neity in the samples as a function of temperature. Fig. 5 dis-
plays the evolution of the spatial composition distribution of
the CerIII/PA-d31/chol mixture as a function of temperature.
At 25C, the PA-d31 proportion, as described by AnCD/(AnCD
1 AnCH), showed a broad distribution, with some sampling
elements signiﬁcantly enriched or depleted compared to the
average value. Similarly, the CerIII proportions, described
by I2850/(I2850 1 I2935) were also found to be broadly distri-
buted. These results are fully consistent with those previ-
ously reported by vibrationnal spectroscopy (42,45). At
25C, the Raman spectra were essentially composed of those
of the three pure compounds in the solid form. Therefore,
a more quantitative analysis of the composition could be
performed, according to a method previously published (45).
That analysis led to the molar fractions of each species in the
mixtures, and, in agreement with the previous study (45), the
molar fractions of CerIII, PA-d31, and cholesterol varied
between 0.1 and 0.6, the average fraction being 0.33 for
these components. The distributions of the two spectral pa-
rameters were similar at 35C. When the samples were
heated at 45C and above, the width of the composition
distribution of both species was considerably reduced, the
most pronounced variation being observed between 45 and
55C, corresponding to the ﬁrst part of the transition probed
by IR spectroscopy (Fig. 1). The homogenization of the
mixture revealed by these results is therefore concomitant
with the chain disordering previously inferred from the IR
and Raman spectroscopy results. At 75C, the distribution
FIGURE 5 Normalized lipid spatial distributions in
the CerIII/PA-d31/chol (1:1:1) mixtures free of Ca
21.
(Left) AnCD/(AnCD 1 AnCH) representing the distribution
of PA-d31 relative to (CerIII/PA-d31/chol). (Right) I2850/
(I2850 1 I2935) representing the distribution of CerIII
relative to (CerIII/chol). The y-scale was kept the same
for the parameter distributions at different temperatures.
104 Arseneault and Laﬂeur
Biophysical Journal 92(1) 99–114
widths of both parameters were relatively narrow but still
signiﬁcantly broader (by a factor of ;2) than those obtained
for freeze-dried CerIII/PA-d31/chol mixtures, which should
correspond to a completely homogeneous mixture.
The spatial composition distribution of the CerIII/PA-d31/
chol mixture in the presence of Ca21 is presented in Fig. 6.
Between 25 and 45C, the composition distributions of both
PA-d31 and CerIII were found to be broad and representative
of heterogeneous samples. On further heating, the distribu-
tion of PA-d31 in the mixture remained broad, whereas that
of CerIII became progressively narrower. Therefore, it is
concluded that the distribution of PA-d31 remained inhomo-
geneous over the whole investigated temperature range. At
temperatures lower than 45C, the distributions of CerIII and
cholesterol were also heterogeneous but became more homo-
geneous on heating (Fig. 6, right column). This homogeni-
zation corresponded to the CerIII acyl chain disordering
observed by IR (Fig. 1) and Raman (Fig. 4) spectroscopy.
The composition distributions of CerIII and PA-d31 for
the CerIII/PA-d31/CS mixture in the absence and the pres-
ence of Ca21 are presented in Figs. 7 and 8, respectively. These
distributions were analogous to those obtained for CerIII/
PA-d31/chol mixtures in the absence of Ca
21. At low tem-
perature, the spatial distributions of PA-d31 and CerIII were
broad, illustrating phase-separated samples. They became
considerably narrower on heating, indicating a more uniform
spatial lipid distribution. This homogenization was, as men-
tioned for the other mixtures, concomitant with the disorder-
ing of the lipid acyl chains.
The spatial distributions of PA-d31 and CerIII in the
CerIII/PA-d31/sterol mixtures, in the presence of 100 mM
Ca21, are represented on the chemical maps in Fig. 9. In the
top panels (Fig. 9 A), the distribution of PA-d31 is repre-
sented by the normalized values of AnCD/(AnCD 1 AnCH):
bright red pixels represent elements enriched in PA-d31,
whereas bright blue ones indicate elements enriched in CerIII
and/or sterol. At low temperature, the pixels with bright
colors were indicative of the formation of domains with
speciﬁc lipid composition. The size of these domains was on
the order of micrometers, in agreement with previous results
obtained on these mixtures in the absence of Ca21 (42,45).
The domains showed, however, a wide range of size and
undeﬁned shapes. Similarly, the maps obtained from I2850/
(I2850 1 I2935) also indicated the presence of sampling
FIGURE 6 Normalized lipid spatial distributions in
the CerIII/PA-d31/chol (1:1:1) mixtures with 100 mM
Ca21. (Left) AnCD/(AnCD 1 AnCH) representing the
distribution of PA-d31 relative to (CerIII/PA-d31/chol).
(Right) I2850/(I2850 1 I2935) representing the distribution
of CerIII relative to (CerIII/chol). The y-scale was kept
the same for the parameter distributions at different
temperatures.
Mixing Properties of SC Lipids 105
Biophysical Journal 92(1) 99–114
elements enriched in CerIII relative to cholesterol (bright
green pixels) as well as elements enriched in cholesterol
relative to CerIII (bright white pixels). These results indicate
that the samples were, at low temperatures, formed by a
mosaic of domains mainly enriched in one component. The
homogenization of the spatial distribution of CerIII observed
on heating the CerIII/PA-d31/chol mixtures in the presence of
Ca21 is clearly observed on the chemical maps (Fig. 9 A);
most of the pixels became gray or light green, indicative of
values close to the mean values. On the other hand, the
distribution of PA-d31 remained fairly heterogeneous. In the
presented maps, even at high temperatures, some sampling
elements were considerably enriched compared to the
average value (bright red pixels), but a considerable number
of pixels showed depletion in fatty acid (bright blue pixels).
Some of the later elements, for example, formed a domain
observable in the bottom left corner. This domain was pres-
ent during the whole temperature variation.
For comparison, the chemical maps obtained from CerIII/
PA-d31/CSmixture in the presence of Ca
21 are also presented
(Fig. 9 B). At low temperature, bright pixels could be
observed on the maps derived from the AnCD/(AnCD1 AnCH)
and I2850/(I2850 1 I2935), indicating the presence of micro-
domains. On heating, the pixels became duller, illustrating the
disappearance of lipid domains that happened in parallel to the
chain melting. The chemical maps, obtained between 25 and
75C, for CerIII/PA-d31/chol, and CerIII/PA-d31/CSmixtures
in the absence of Ca21 (data not shown) were similar to those
presented for CerIII/PA-d31/CS mixtures with Ca
21.
The lipid chain order could also be spatially described
using the I2880/I2850 and DnCD values as discussed above.
Their distributions are presented in Fig. 10. At 25C, the
I2880/I2850 and the DnCD values obtained for the CerIII/PA-
d31/chol mixture in the presence of 100 mM Ca
21 showed
quasi normal distributions centered around 1.5 and 15 cm1,
respectively (Fig. 10 A). These values are indicative of highly
ordered chains for both CerIII and PA-d31. They were indeed
coherent with the overall behavior reported in Fig. 4. On
heating at 45C and above, the distribution of I2880/I2850
ratios was progressively shifted toward lower values, and
a relatively narrow distribution centered at ;0.95 was ob-
tained at 75C. This shift was associated with the disordering
of the CerIII acyl chain during the transition. By contrast, the
DnCD spatial distribution remained fairly unchanged on
heating up to 75C, another indication of the high order
experienced by the PA-d31 in the CerIII/PA-d31/chol mixture
FIGURE 7 Normalized lipid spatial distribution in the
CerIII/PA-d31/CS (1:1:1) mixtures free of Ca
21. (Left)
AnCD/(AnCD1 AnCH) representing the distribution of PA-
d31 relative to (CerIII/PA-d31/CS). (Right) I2850/(I2850 1
I2935) representing the distribution of CerIII relative to
(CerIII/CS). The y-scale was kept the same for the param-
eter distributions at different temperatures.
106 Arseneault and Laﬂeur
Biophysical Journal 92(1) 99–114
in the presence of Ca21. It should be observed that the DnCD
distribution became slightly wider at high temperature with
some values as high as 25 cm1. Fig. 10 B displays the
distributions of the two parameters for the CerIII/PA-d31/CS
mixtures in the presence of 100 mM Ca21. At low tempera-
ture, these distributions were similar to those obtained with
CerIII/PA-d31/chol mixtures and were indicative of highly
ordered acyl chains for both lipid species. Both parameter
distributions shifted correspondingly when the samples were
heated at 45C and above, to reach values that were typical
of disordered chains. This change reﬂected the disordering
of both CerIII and PA-d31 associated with the transitions. A
similar behavior was observed for both mixtures in the
absence of Ca21 (data not shown).
Chemical maps describing the chain order, derived from
I2880/I2850 and DnCD, are presented in Fig. 11. The scale was
selected to provide bright colors for values corresponding to
disordered acyl chains. For the CerIII/PA-d31/chol mixture in
the presence of Ca21 (Fig. 11 A), the values of the I2880/I2850
ratios were fairly uniform over the map and representative of
ordered CerIII acyl chains. On heating, a progressive de-
crease of these ratio values was experienced relatively uni-
formly over the map. At high temperatures, the majority of
the pixels are green, indicative of disordered CerIII over the
whole sample. The PA-d31 chain order was high at 25C, as
expressed by the low values of DnCD (dark pixels). On heat-
ing, the chain order of the fatty acid became more hetero-
geneous, as inferred above from the histograms of Fig. 10 A.
The maps at high temperatures showed that most of PA-d31
remained ordered, as illustrated by a dark background. How-
ever, in a few sampling elements, there was a considerable
disordering of the PA-d31 acyl chains, represented by bright
red pixels. These disordered PA-d31 molecules were found to
be distributed mainly in regions depleted in PA-d31 or, in
other words, enriched in CerIII and/or cholesterol. This
colocalization was particularly obvious for the CerIII/chol-
enriched domain (Fig. 9 A) and the disordered PA-d31
domain (Fig. 11 A) in the bottom left corner. Fig. 11 B
illustrates, as a reference, the progressive and more uniform
chain disordering of both PA and CerIII in the CerIII/PA-d31/
CS mixture in the presence of Ca21.
DISCUSSION
First, the work presented here reveals the thermal evolution
of the microscopic domains that were previously observed in
FIGURE 8 Normalized lipid spatial distributions in
the CerIII/PA-d31/CS (1:1:1) mixtures with 100 mM
Ca21. (Left) AnCD/(AnCD 1 AnCH) representing the
distribution of PA-d31 relative to (CerIII/PA-d31/CS).
(Right) I2850/(I2850 1 I2935) representing the distribution
of CerIII relative to (CerIII/CS). The y-scale was kept the
same for the parameter distributions at different temper-
atures.
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CerIII/PA-d31/chol mixtures at room temperature. It has been
established that CerIII/PA-d31/chol mixtures at low temper-
atures display crystalline domains with orthorhombic chain
packing formed independently by CerIII and PA-d31
(27,28,41,48). On heating, there is a phase transition around
45–55C, leading to the formation of a lamellar liquid or-
dered phase (27–29,49). This phase includes PA-d31,
cholesterol, and some CerIII. The involvement of CerIII in
this phase is reported, for example, by the shift of the nCH
position in the IR spectra ((27) and this work), and the
decrease of the ﬁrst moment of the 1H-NMR spectra (55) of
the CerIII/PA-d31/chol mixtures. The overall behavior ob-
tained by Raman spectroscopy conﬁrms that both PA-d31
and CerIII are involved in this transition because the I2880/
I2850 intensity ratio, and the DnCD both reported the con-
comitant disordering of the acyl chains of CerIII and PA-d31.
Further heating induces another transition, leading to a dis-
ordered phase, in which PA-d31 displays isotropic motions
on the 2H-NMR time scale (105 s) (29,49,55). The Raman
chemical mapping presented here conﬁrms the composition
heterogeneity in the CerIII/PA-d31/cholesterol mixture observed
at low temperature (42,45) because the spatial distributions
of PA-d31 and of CerIII, illustrated by the histograms in Fig.
5, are broad in these conditions. The present work conﬁrms
that, in addition to the chain disordering previously reported,
the transition observed at 45–55C involves a redistribution
of PA-d31, CerIII, and cholesterol in the SC lipid matrix and
that the mixtures become more homogeneous on the micro-
scopic scale. On heating above 45C, homogenization of the
spatial distribution of the lipids is observed for both PA-d31,
relative to the three lipid species, and CerIII, relative to
(CerIII 1 chol), the composition distributions becoming
considerably narrower. This homogenization happens at
least at the microscopic scale, the size of a sampling element
being estimated to 2 3 2 3 5 mm3. The existence of smaller
domains cannot, however, be excluded. Therefore, the re-
sults indicate that the SC model lipid mixture undergoes a
phase transition where, at low temperatures, lipids form
mainly a mosaic of microcrystalline phase-separated do-
mains, and above 45C, a more ﬂuid and disordered phase
where the three lipid species are more miscible is formed.
Associated with these different structures, it is believed that
the low- and the high-temperature organizations have differ-
ent mechanical properties and cohesion. The modulation of
this lipid phase transition provides a practical and efﬁcient
approach to change the functions of this material. Ca21 and
CS can play a role in such modulation.
The presence of Ca21 modiﬁes to a great extent the phase
behavior of CerIII/PA-d31/chol mixture. The major molec-
ular feature of this effect is that, as clearly indicated by IR
FIGURE 9 Chemical maps repre-
senting the normalized lipid spatial
distribution in the CerIII/PA-d31/sterol
(1:1:1) mixtures with 100 mM Ca21.
(A) Cholesterol-containing mixture. (B)
CS-containing mixture. (Top) AnCD/
(AnCD 1 AnCH) representing the distri-
bution of PA-d31 relative to (CerIII/PA-
d31/sterol). (Bottom) I2850/(I2850 1
I2935) representing the distribution of
CerIII relative to (CerIII/sterol).
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spectroscopy, Ca21 displaces the proton of PA-d31 to form a
complex with the carboxylate group. The fatty acid-Ca21
association has never been demonstrated, to our knowledge,
for SC lipid models, even though complexes with Ca21 have
been reported for simple systems formed of fatty acids
(64,72,73) and for systems including negatively charged
phospholipids (74–77). It has been shown that the apparent
pKa of PA-d31 inserted in CerIII/PA-d31/chol mixture was
;7.0 (78), a value similar to those reported for analogous
mixtures (57). This value is indeed much higher than that
observed for monomeric fatty acid, for which an apparent
pKa of ;4.8 is reported (79,80). This difference was
proposed to be associated with the pH gradient from the
bulk to the membrane interface that led to a lower interfacial
pH and putative interactions between the carboxylic group
with other components of the bilayers, including cholesterol
(81,82). From the apparent pKa, it can be estimated that most
of the PA-d31 molecules in CerIII/PA-d31/chol mixtures were
protonated at pH 5.2: this prediction is validated by the IR
spectra. In the presence of Ca21, the IR results shown here
indicate that the carboxylate groups act as complexation sites
for the cations. Therefore, an interfacial equilibrium exists
among R-COOH, R-COO, and R-COO-Ca21. The propor-
tion of R-COO is likely negligible, assuming that the
apparent pKa of the fatty acid remains similar to that
measured in the absence of Ca21. Moreover, the IR signal
detected in the region between 1500, and 1600 cm1 is
indicative of the Ca21-PA complexation (62–65). This com-
plexation leads to the formation of stable solid microscopic
domains and prevents the thermal disordering of the PA-d31
acid chains. This is observed from both the absence of shift
of the nCD band in the IR spectra (Fig. 1 B) and broadening of
the nCD in the Raman spectra (Figs. 4 B and 10 A). As a
consequence, the CerIII/PA-d31/chol mixture remains phase-
separated in the presence of Ca21 even up to 75C, as ob-
served for example in Figs. 6 and 9. The association of Ca21
to negatively charged lipids has been shown to lead to
structures that are stable over a wide temperature interval
(65,83,84). Our results show that an analogous phenomenon
takes place in SC model lipid matrices.
The complexation of PA with Ca21 modiﬁes the ther-
motropism of the CerIII/PA-d31/chol mixtures. Because most
of the PA molecules are no longer available to participate in
the order-disorder transitions, the CerIII acyl chain disorder-
ing is shifted toward high temperatures. In these conditions,
the more ﬂuid and disordered phase resulting from the tran-
sition between 40 and 50C must be predominantly com-
posed of CerIII and cholesterol. It was previously reported
that binary CerIII/chol mixtures (without Ca12) undergo a
transition, at ;55C, from a crystalline phase with ortho-
rhombic chain packing to a more disordered phase (41),
which is likely a liquid ordered phase. A similar behavior
was also observed for the mixtures of cholesterol with
CerIV, an a-hydroxy ceramide (85). In these binary systems,
a cholesterol mole fraction of 0.6–0.75 was required for the
involvement of all the ceramide molecules in the transition.
In our model mixtures, this fraction was 0.5 if one considers
strictly CerIII and cholesterol, leading probably to solid
FIGURE 10 Spatial distributions of the
acyl chain order in CerIII/PA-d31/sterol
(1:1:1) mixtures with 100 mM Ca21. The
CerIII chain order is described using the
I2880/I2850 ratio, whereas that of PA-d31 is
probed using DnCD. (A) Cholesterol-con-
taining mixture. (B) CS-containing mixture.
The y-scale was kept the same for the
parameter distributions at different temper-
atures.
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ceramide, corresponding to the fraction in excess. It is there-
fore proposed that the disordering of the ceramide acyl chains
observed at;45C, from the vibrational spectroscopic probes
presented here, corresponds to the formation of a liquid or-
dered phase by a fraction of the CerIII and cholesterol. This
ﬂuid phase should also include some PA molecules because,
even with the present Ca21 concentration, some acid remains
uncomplexed. This would be at the origin of the shift of the
order-disorder transition observed at ;45C for the CerIII/
PA-d31/chol mixtures in the presence of Ca
21, compared to
;55C for binary mixtures made of ceramide and choles-
terol. The disordering of some PA acyl chain is actually
conﬁrmed by the histograms (Fig. 10 A) and the maps (Fig.
11 A). In fact, it is found that the location of the small fraction
of more disordered PA corresponds to regions depleted in
PA or, in other words, enriched in CerIII and cholesterol. As
an illustration, this colocalization is evident when one
observes the PA-depleted domain in the left bottom corner of
the high-temperature maps (Fig. 10) and the domain at the
same position where PA acyl chains are more disordered in
Fig. 11. When these samples are heated to a higher temper-
ature, the CerIII chains experience, on average, an increased
disordering. In agreement with previous observations on
binary systems (41,85), this phenomenon is likely related to
the excess CerIII, which remained solid because of the
limited cholesterol proportion, that becomes progressively
incorporated into the ﬂuid phase. The present work reveals
that the concentration of Ca21 is a simple way to modulate
the phase-mixing properties as well as the chain order of SC
lipids, by controlling the proportion of PA available to
participate in the temperature-induced disordering.
In the absence of Ca21, the spectroscopic results presented
here suggest that CerIII/PA-d31/CS mixture displays an
analogous similar behavior to that of CerIII/PA-d31/chol
mixture. At low temperatures, both CerIII and PA-d31 dis-
play high acyl chain order, and they appear to be distributed
inhomogeneously (Fig. 9). On heating, similar spectral changes
could be observed, and it is likely that the systems undergo a
transition from a highly ordered (solid) phase to a liquid
ordered phase and then to a disordered phase. It has been
shown that CS would inﬂuence phospholipid bilayers in a
similar manner as cholesterol does, the main common feature
being the ability of these sterols to abolish the gel-to-ﬂuid
phase transition (86,87). CS was found, however, to induce a
less pronounced ordering of the ﬂuid phospholipid acyl
chains than cholesterol for a given sterol content. Despite
several similarities reported here, it should be pointed out
that CerIII/PA-d31/CS and CerIII/PA-d31/chol mixtures were
macroscopically different at room temperature. The physical
aspect of the samples of the CerIII/PA-d31/CS mixtures,
FIGURE 11 Chemical maps repre-
senting the spatial distribution of the
acyl chain order in CerIII/PA-d31/sterol
(1:1:1) mixtures with 100 mM Ca21.
(A) Cholesterol-containing mixture. (B)
CS-containing mixture. The CerIII chain
order is described using the I2880/I2850
ratio (top), whereas that of PA-d31 is
probed using DnCD (bottom).
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which were opalescent white homogeneous suspensions,
contrasted with the waxy particles obtained with CerIII/PA-
d31/chol mixtures. In addition, despite the highly ordered
acyl chains inferred from the nCH, and nCD positions and the
proﬁles of the nCOOH and nAmideI regions typical of high
order, the dCH2 and dCD2 bands did not show crystalline
splittings as extensive as those observed in the case of CerIII/
PA-d31/chol mixture (data not shown). These splittings are
indicative of crystalline structures with orthorhombic chain
packing (48,88,89). It appears that the presence of CS would
hinder the formation of such crystalline domains. This phe-
nomenon is consistent with a previous study indicating that
the presence of CS reduces the formation of cholesterol crys-
talline domains in SC model mixtures, as inferred from
small-angle x-ray diffraction (34). Despite the limited pres-
ence of crystalline domains with orthorhombic chain pack-
ing, the CerIII/PA-d31/CS mixtures investigated here appeared
to maintain, at low temperatures, a very high acyl chain order
and a heterogeneous spatial distribution.
The replacement of cholesterol by CS has a major impact
when the SC model mixtures are in the presence of Ca21. A
striking feature is that most PA-d31 does not complex with
Ca21. It is possible that, in these mixtures, the sulfate groups
become the new binding sites for the cations. This could be
associated with the readily available negative charge on the
sterol molecule. A signiﬁcant consequence of this change is
the involvement of the PA-d31 molecules in the phase
transitions induced by heating. In fact, the behavior of CerIII/
PA-d31/CS mixture in the presence of Ca
21 is analogous to
that observed for CerIII/PA-d31/CS mixture and CerIII/PA-
d31/chol mixture in the absence of Ca
21. This suggests that
the three lipid species are involved in the phase transitions
observed on heating. It also indicates that CS preserves its
ability to induce the formation of ﬂuid phases despite its
putative interactions with Ca21.
In the work presented here, the modiﬁcations were in-
duced by somewhat drastic changes: the complete replace-
ment of cholesterol by CS and the presence of 100 mM Ca21.
These are indeed severe conditions that were used to unmis-
takably highlight the changes induced by these species. The
complexation of Ca21 with the carboxylate group of fatty
acids and the modulation of this complexation by CS were
manifest in the spectra. At 100 mM, Ca21 complexed the
majority of the fatty acid molecules, which remained solid
and phase-separated over the whole investigated temperature
range. These equilibria are deﬁned by the local concentra-
tions of these chemical species. Even though their shifts are
likely to be not as pronounced in real SC, the equilibria
presented here must exist and provide an efﬁcient and rela-
tively simple way to modulate the properties of SC that could
be used in vivo. The Ca21 ion concentration is proposed to
peak at the level of the stratum granulosum (39). In parallel,
the epidermis begins to produce free fatty acids and CS at
this level (3). Actually, the Ca21 gradient across the epi-
dermis is reminiscent of that of CS (33). These coinciding
gradients suggest that their combined effects modulate the
lipid matrix properties across the epidermis, having in mind
the impacts presented here. Now that the nature of the
interactions has been identiﬁed, the next step is to assess how
these impacts are extrapolated to more physiologically re-
levant concentrations, using the probes discussed here. In
addition, the reported phenomena must be examined on more
complex systems because one should keep in mind that the
SC model mixtures used here are simpliﬁed systems that
imperfectly reproduce the behavior of real SC. For example,
it will be interesting to infer the inﬂuence of the different
types of ceramides and the presence of the long-periodicity
phase on the present ﬁndings.
The work presented here reveals that CS and Ca21
modulate the lipid mixing properties and the lipid order in
SC lipid models. As a consequence, several properties of the
SC that are believed to be associated with the lipid phase
behavior, including permeability and desquamation, could
be efﬁciently modulated by the concentration of these
species. For example, Ca21 displayed fusogenic power on
large unilamellar vesicles formed with ceramides, fatty acids,
and sterols (90,91). The intervesicle lipid mixing observed in
the presence of Ca21 was associated with the formation of
the lamellar sheets at the stratum granulosum level. This
activity of Ca21 was inhibited by the presence of CS in the
vesicles. On the basis of the results presented here, it is
possible that a shift of the equilibria involving Ca21 and the
fatty acids is at the origin of this control of the bilayer fusion.
Such modulation of the Ca21 equilibria involving CS and
fatty acids would suggest a potential role in inter–lipid bi-
layer interactions in the epidermis. Along the same line, the
excessive cohesion of SC in the case of the X-linked re-
cessive ichthyosis has been associated with the accumulation
of CS (5,7,33). The bridging of CS by Ca21 ions (92) and the
different mixing properties of cholesterol and CS (40,93)
have been proposed as possible molecular mechanisms in-
volved in the excessive cohesion of the SC. As a comple-
mentary or alternative mechanism, one could consider that
the higher CS content limits the complexation of Ca21 with
the fatty acids in the deep layers of SC and prevents the for-
mation of very stable and ordered phase-separated domains.
This could lead to more homogeneous and likely more co-
hesive lipid matrices. Such a hypothesis is somehow sup-
ported by the increased cholesterol solubility in the presence
of CS in SC model mixtures containing 2 mM Ca21 (34),
considering that ‘‘free’’ palmitic acid favors the solubiliza-
tion of cholesterol in ﬂuid ceramide bilayers (41). On the
basis of the ﬁndings reported here, the ﬁne balance of the
equilibria among Ca21, fatty acid, and CS should be further
investigated to examine its impact on the organization and
the function of the epidermis.
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